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(57) ABSTRACT 

An apparatus and method for synthesizing Waveforms With 
arbitrary amplitude, frequency, and phase modulation. 
Pulses from a broadband (supercontinuum) optical source 
are ?ltered into a plurality of Wavelength channels, and the 
intensity of each Wavelength channel is adjusted to an 
appropriate level depending on the desired shape of the 
envelope of the output pulse. The envelope of the sampling 
Wavelength channels can be stretched, compressed, or 
inverted in the time domain later using a dispersive medium. 
After time domain manipulation, the optical pulse train is 
observed With a combination of high-speed photodetectors 
and a radio frequency loW-pass ?lter, a loW-speed photode 
tector. 
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METHOD AND APPARATUS FOR ARBITRARY 
WAVEFORM GENERATION USING PHOTONICS 

CROSS REFERENCE TO RELATED 
APPLICATIONS 

[0001] This application claims priority from US. provi 
sional application serial No. 60/197,797 ?led on Apr. 14, 
2000, and incorporated herein by reference. 

STATEMENT REGARDING FEDERALLY 
SPONSORED RESEARCH OR DEVELOPMENT 

[0002] This invention Was made With Government support 
under Grant No. N66001-98-8924, aWarded by the Navy. 
The Government has certain rights in this invention. 

REFERENCE TO A MICROFICHE APPENDIX 

[0003] Not Applicable 

BACKGROUND OF THE INVENTION 

[0004] 1. Field of the Invention 

[0005] This invention pertains generally to signal genera 
tion and, more particularly, to a method and apparatus for 
generation of an arbitrary electronic Waveform using pho 
tonics. 

[0006] 2. Description of the Background Art 

[0007] Signal and data generators are Well knoWn tools 
that are commonly used in a number of applications ranging 
from designing and testing equipment and circuits, to com 
munication and radar systems. A particular type of data 
generator, referred to as an “arbitrary Wavelength generator” 
(AWG), is particularly useful in radar and Electronic War 
fare applications. In addition, it can be used for 
characteriZing circuits and systems by simulating “real” 
physical conditions. In particular, the device can be used for 
margin testing by simulating amplitude and timing impair 
ments such as cross talk, intersymbol effects, re?ections, 
ground bounce, noise simulations, jitter testing, and the like. 
High speed AWGs, such as a TektroniX AWG 610, are 
available that combine Waveform generation and editing that 
enables the user to create a Waveform from scratch, auto 
matically transfer a Waveform from an oscilloscope, doWn 
load signals created via computer simulation tools, and 
modify signals using built-in editors. Real World signal 
impairments such as jitter, noise, fading, or the like can be 
easily simulated using such an AWG. 

[0008] Other types of data generators are available as Well. 
For example, the Agilent Technologies 81200 provides a 
platform for verifying digital devices under real-World con 
ditions. The device has a high-speed pattern rate, large 
pattern depth and a scalable con?guration that facilitates 
digital device veri?cation and characteriZation. Digital-to 
analog converters (DACs) and direct digital synthesiZers 
(DDSs) are at the heart of an electronic AWG. 

[0009] The bandWidth of current technology is limited to 
a feW GHZ by the electronic DAC used in AWG systems. 
What is needed is a neW AWG technology that can synthe 
siZe Waveforms With much large bandWidths and With arbi 
trary Amplitude Modulation (AM), Frequency Modulation 
(FM) and Phase Modulation (PM). The present invention 
satis?es that need, as Well as others, as described herein. It 
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can also be used to generate for microWave, millimeter Wave 
and Tera HertZ frequency signals. 

BRIEF SUMMARY OF THE INVENTION 

[0010] The present invention, Which Will be referred to 
herein as a photonic arbitrary Waveform generator (PAWG), 
comprises an apparatus that can synthesiZe Waveforms With 
arbitrary amplitude, frequency, and phase modulation. The 
invention can be used in place of digital-to-analog convert 
ers (DACs) or electronic arbitrary Waveform generators 
(AWGs) to reproduce Waveforms With arbitrary amplitude, 
frequency and phase variations. The invention can also be 
used to synthesiZe spectrally pure sine Waves over a Wide 
range of frequencies in place of a direct digital synthesiZer 
(DDS). 
[0011] By Way of eXample, and not of limitation, in 
accordance With an aspect of the present invention, pulses 
from a broadband (supercontinuum) optical source are ?l 
tered into a plurality of Wavelength channels. The intensity 
of each Wavelength channel is adjusted to an appropriate 
level depending on the desired shape of the envelope of the 
output electrical Waveform. In a Wavelength modulation 
stage, the Wavelength channels, Which function as samples 
of the arbitrary output Waveform, can also be time differ 
entiated by introducing small incremental time delays 
betWeen them or the envelope of the sampling Wavelength 
channels can be further stretched, compressed, or inverted in 
the time domain later by choosing the proper dispersive 
medium. After proper time domain manipulation, the optical 
Waveform is observed With a combination of high-speed 
photodetectors and a radio frequency (RF) loW-pass ?lter to 
produce an output electrical Waveform. 

[0012] By Way of further eXample, and not of limitation, 
the present invention can have various embodiments. 

[0013] In a ?rst embodiment, gratings are used for Wave 
length division, a spatial light modulator (SLM) is used for 
intensity adjustments, and a dispersive medium is used for 
time domain treatment. The supercontinuum pulses are 
passed through the SLM, Wherein the attenuation of the 
individual piXels can be set by adjusting the gray level of 
that piXel. By knoWledge of the properties of the dispersive 
medium, Wavelength dependence of the photodetector, loW 
pass characteristics of the photodetector, the radio frequency 
(RF) ?lter, and the non-uniformity in the intensity of the 
various Wavelength channels, the required attenuation in 
each channel that Would mimic the envelope of the desired 
Waveform can be determined. The delay betWeen the various 
Wavelength channels is minimal, the output optical pulses 
are passed through the dispersive medium (e.g., a normal 
single mode ?ber, a negative dispersion ?ber, etc.) for time 
domain manipulation. Different spectral components are 
separated in time domain due to the Wavelength dependent 
group velocity. Either positive or negative dispersion ?bers 
can be used. The negative dispersion Will result in a Wave 
form that is the time-reversed image of the Waveform 
produced by positive dispersion. For a given sign of disper 
sion, the time-reversal can also be achieved by reversing the 
spectrum modulation using the SLM or any other type of 
optical ?lter. The length of the ?ber, the main dispersive 
element in the system, can be adjusted to achieve the desired 
time domain spread, and hence the electrical bandWidth of 
the Waveform 
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[0014] In a second embodiment, Which is a true time delay 
(TTD) implementation, Wavelength division, intensity 
adjustment of each Wavelength channel, and introduction of 
incremental time delay betWeen Wavelength channels is 
achieved by passing the supercontinuum pulses through a 
true time delay device. In one embodiment of the true time 
delay, the device comprises an N input, N output arrayed 
Waveguide grating Where all the corresponding inputs and 
outputs except one set of input-output ports are connected 
through an incremental time delay. For the PAWG of the 
present invention, optical attenuators or electo-optic modu 
lators are also incorporated into each delay line. The super 
continuum pulse is then fed to the free input. The corre 
sponding output comprises a series of optical pulses at 
different Wavelengths set by the arrayed Waveguide grating 
and With set incremental time delay betWeen the pulses. The 
attenuation for each channel is set in the delay stage to 
appropriate levels. The output from the true time delay 
device can be further stretched, compressed, or inverted, if 
necessary, using a second true time delay or using a ?ber 
With appropriate length and dispersion characteristics. 

[0015] The output from either embodiment is the sampled 
version of the desired output Waveform. This Waveform is 
observed With either a combination of a high-speed photo 
detector and an RF loW-pass ?lter, or a loW-speed photode 
tector. The bandWidth of the detecting circuit is determined 
by the time separation betWeen the adjacent sampling Wave 
length channels, and the amount dispersion (if ?ber is used) 
or time delay (if true time delay is used). The resultant 
Waveform is the desired output Waveform. 

[0016] An object of the invention is to provide synthesiZe 
Waveforms at considerably higher frequencies than related 
devices, into the tens of GHZ range. 

[0017] Another object of the invention is to provide the 
ability to stretch, compress, and even time-invert these 
Waveforms using optical ?bers With proper dispersion char 
acteristics. 

[0018] Further objects and advantages of the invention 
Will be brought out in the folloWing portions of the speci 
?cation, Wherein the detailed description is for the purpose 
of fully disclosing preferred embodiments of the invention 
Without placing limitations thereon. 

BRIEF DESCRIPTION OF THE DRAWINGS 

[0019] The invention Will be more fully understood by 
reference to the folloWing draWings Which are for illustrative 
purposes only: 

[0020] FIG. 1 is a schematic diagram of an embodiment 
of a photonic arbitrary Waveform generator according to the 
present invention. 

[0021] FIG. 2 is a schematic diagram of an embodiment 
of a supercontinuum broadband optical source employed in 
the photonic arbitrary Waveform generator of FIG. 1. 

[0022] FIG. 3 is a graph shoWing the bandpass ?ltered and 
un?ltered output characteristics of the optical source of FIG. 
2. 

[0023] FIG. 4 is schematic diagram of an embodiment of 
a spectral shaping device employed in the photonic arbitrary 
Waveform generator of FIG. 1 Which uses a spatial light 
modulator. 
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[0024] FIG. 5 is a schematic diagram of an embodiment 
of a spectral shaping device employed in the photonic 
arbitrary Waveform generator of FIG. 1 Which uses a true 
time delay device. 

[0025] FIG. 6 is a schematic diagram of a test setup 
employing a photonic arbitrary Waveform generator With a 
true time delay device according to the present invention 
used for obtaining experimental results. 

[0026] FIG. 7 is a graph shoWing experimental results 
from the system of FIG. 6 for the generation of a 5.88 GHZ 
sine Wave, Where the solid lines correspond to pulses 
observed With a 60 GHZ photodetector, the dotted lines 
correspond to pulses observed With an under-biased 7.7 GHZ 
photodetector, and the dashed lines correspond to the 5.88 
GHZ sine Wave. 

[0027] FIG. 8 is a graph shoWing experimental results 
from the system of FIG. 6 for the generation of a 5.88 GHZ 
sine Wave With a at phase shift in the middle, Where the solid 
lines correspond to pulses observed With a 60 GHZ photo 
detector, the dotted lines correspond to pulses observed With 
an under-biased 7.7 GHZ photodetector, and the dashed lines 
correspond to the 5.88 GHZ sine Wave. 

[0028] FIG. 9 is a graph shoWing the loW-pass character 
istics of the under-biased 7.78 GHZ photodetector in FIG. 6 
(solid curve) compared With the optimal bias characteristics 
(dotted line). 

DETAILED DESCRIPTION OF THE 
INVENTION 

[0029] For illustrative purposes the present invention is 
embodied in the apparatus and method generally described 
With reference to FIG. 1 through FIG. 9. It Will be appre 
ciated that the apparatus may vary as to con?guration and as 
to details of the parts, and that the method may vary as to the 
speci?c steps and sequence, Without departing from the 
basic concepts as disclosed herein. 

[0030] To overcome the limitations in the related art, and 
to overcome other limitations that Will become apparent 
upon reading and understanding the present speci?cation, 
the present invention discloses a method and apparatus for 
synthesiZing Waveforms With arbitrary amplitude, fre 
quency, and phase modulation. The invention can be used in 
place of digital-to-analog converters (DACs) or electronic 
arbitrary Waveform generators (AWGs) to reproduce Wave 
forms With arbitrary amplitude, frequency phase variations. 
The invention can also be used to synthesiZe spectrally pure 
sine Waves over a Wide range of frequencies in place of a 
Direct Digital SynthesiZer (DDS). 

[0031] A schematic diagram of an embodiment of a pho 
tonic arbitrary Waveform generator (PAWG) 10 according to 
the present invention is shoWn in FIG. 1 along With graphs 
shoWing the inputs or outputs of the functional blocks. In the 
embodiment of FIG. 1, pulses 12 are generated from a 
broadband (i.e., supercontinuum) optical source 14 and 
?ltered into a plurality of Wavelength channels 16 Which 
function as free sampling pulses for the output Waveform. In 
FIG. 1, six Wavelength channels )tl through 26 are shoWn 
With corresponding intensities I1 through I6. The intensity of 
each Wavelength channel 16 is adjusted to an appropriate 
level depending on the desired shape of the envelope 18 of 
the output electrical Waveform, and the Wavelength channels 
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undergo spectral shaping in a spectral shaping device 20. 
The spectral Waveform is then converted into a Waveform in 
time by a time domain manipulation device 22, Which can be 
a dispersion device or a true time delay device. After the 
desired time domain manipulation, the output optical Wave 
form 24 is observed With an electro-optic converter device 
26, such as a high-speed photodetector and an RF loW-pass 
?lter, or a loW-speed photodetector, to generate the output 
electrical Waveform 28. 

[0032] Broadband optical source 14 preferably comprises 
a mode-locked erbium-doped ?ber laser, or a gain sWitched 
semiconductor laser, or an externally modulated laser trans 
mitter that is modulated by a Mach-Zehnder type interfer 
ometer or an electro-absorption type device, or a pair of 
continuous-Wave lasers having heterodyned outputs, or the 
like, folloWed by an optical ampli?er and a non-linear 
compression stage. Other supercontinuum optical sources 
can be used as Well. The supercontinuum ?ber in optical 
source 14 can be a single mode ?ber, a series of dispersion 
shifted ?bers each With different values of Zero dispersion 
Wavelengths, a dispersion decreasing ?ber, a tapered ?ber, or 
the like. The key requirement for optical source 14 is that the 
peak poWer of optical pulses before the nonlinear compres 
sion stage must be large enough to cause non linearities in 
the nonlinear stage. 

[0033] For example, referring to FIG. 2, a passively mode 
locked ?ber laser (MLL) 30 With a repetition rate of approxi 
mately 20 MHZ and an average poWer output of approxi 
mately 1 mW could be used. The output of laser 30 is passed 
through a polariZation controller (PC) 32 before being 
ampli?ed to approximately 5 mW With an erbium-doped 
?ber ampli?er (EDFA) 34. The ampli?ed signal is then 
passed through a supercontinuum module 36 that comprises 
three stages 38, 40, 42. The length of the ?rst single mode 
?ber (SMF) stage 38 ()tdz1300 nm) is required to be half the 
length of the soliton period to achieve maximum pulse 
compression and spectral broadening. The calculated length 
of the SMF is used initially for the ?rst stage 38. Adjust 
ments to the length are done to optimiZe the spectrum. Once 
the length of the ?rst stage 38 is ?xed, a similar procedure 
is folloWed for the second stage 40, Which has dispersion 
shifted ?ber With >\,d=1490 nm. The length of the third stage 
42 (>\.(i=1561 nm) is ?xed to obtained maximum spectral 
Width. The output is then passed through a bandpass ?lter 
44. This method of generating a broadband optical pulse 
(i.e., a supercontinuum) is Well documented in, for example, 
Kim, J. et al., “LoW energy, enhanced supercontinuum 
generation in high nonlinearity dispersion-shifted ?bers”, 
Technical Digest, CLEO ’99, Opt. Soc. America, 1999. 
p.224-225, incorporated herein by reference . The supercon 
tinuum spectrum before the bandpass ?lter 44 is shoWn in 
FIG. 3 With a solid line. The ?ltered portion of the super 
continuum spectrum is shoWn in FIG. 3 With a dotted line. 
Note that the ?ltered spectrum is centered at approximately 
1533 nm and has a 1 dB bandWidth of approximately 17 nm. 
Note also that there is approximately 1 mW of average 
poWer in this portion of the supercontinuum. Supercon 
tinuum sources With a bandWidth of up to approximately 325 
nm are currently available. The design of the PAWG of the 
present invention depends on the spectral Width of the 
supercontinuum source; hoWever, system performance is not 
limited by the bandWidth of the source. Other parameters 
such as the number of sampling channels that can be used 
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and the separation betWeen the channels, hoWever, does 
depend on the available optical bandWidth from the optical 
source. 

[0034] Spectral shaping device 20 and time domain 
manipulation device 22 can be embodied in various Ways as 
Well. For example, referring to FIG. 1 and FIG. 4, a ?rst 
embodiment employs diffraction gratings 46a, 46b for 
Wavelength separation, lenses 48a, 48b for focusing, and a 
spatial light modulator (SLM) 50 for intensity adjustments, 
Wherein such elements are spaced apart at focal length F. 
The supercontinuum pulses are passed through the SLM 50 
With a confocal arrangement as shoWn. The output optical 
pulses 52 are passed a dispersive medium if needed for time 
domain manipulation to produce the ?nal optical Waveform 
24. A normal signal mode ?ber (i.e., a positive dispersion 
?ber) or the like is used to stretch the pulses in the time 
domain, While a negative dispersion ?ber or the like is used 
to compress the pulses in the time domain. The length of the 
optical ?ber, Which is the main dispersive element in the 
system, can be adjusted to achieve the desired time domain 
spread. Positive or negative dispersion ?bers can be used for 
time domain manipulation device 22. Negative dispersion 
Will result in a Waveform that is the time-reversed image of 
the Waveform produced by positive dispersion. For a given 
sign of dispersion, the time-reversal can also be achieved by 
reversing the spectrum modulation using the SLM or any 
other type of optical ?lter. Additional examples of Wave 
length dispersive devices include a high dispersion optical 
?bers, an optical Waveguide operated near the cutoff Wave 
length, and a photonic bandgap device. Essentially any type 
of optical ?lter/resonator (such as ?ber Bragg grating) or a 
plurality of such ?lters, operated near the cutoff Wavelength, 
can be used. 

[0035] The attenuation of the individual pixels in the SLM 
50 is set by adjusting the gray level of that pixel. By 
knoWing the properties of the dispersive medium 22, Wave 
length dependence of the photodetector, loW-pass character 
istics of the photodetector and the RF ?lter, and the non 
uniformity in the intensity of the various Wavelength 
channels, the required attenuation in each channel that 
Would mimic the envelope of the desired Waveform can be 
determined. The optical sampling pulses are separated in 
time domain due to the Wavelength dependent group veloc 
ity in the dispersion device. 

[0036] Referring to FIG. 1 and FIG. 5, in an alternative 
embodiment Wavelength division, intensity adjustment of 
each Wavelength channel, and introduction of incremental 
time delay betWeen Wavelength channels is achieved by 
passing the supercontinuum pulses through a true time delay 
(TTD) device. In this embodiment, Wavelength division is 
performed by an arrayed Waveguide grating 54, and inten 
sity adjustments of Wavelength channels is achieved by 
optical attenuators 56 in each of the delay lines 58. Alter 
natively, electro-optic modulators could be used instead of 
optical attenuators. The true time delay device, Which is 
described in more detail in US. Pat. No. 5,793,907, incor 
porated herein by reference, comprises an N input, N output 
arrayed Waveguide grating 54 Where all the corresponding 
inputs and outputs except one set of input-output ports 62, 
64 are connected through an incremental time delay 60. For 
the PAWG of the present invention, optical attenuators 56 
are also incorporated into each delay line. The supercon 
tinuum pulse 12 is then fed to the free input port 62. The 
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corresponding output on port 64 comprises a series of 
optical pulses 66 at different Wavelengths set by the arrayed 
Waveguide grating 54 and With set incremental time delay 
betWeen the pulses. The attenuation for each channel is set 
in the delay stage to appropriate levels. In the example 
shoWn in FIG. 5, the delay betWeen the various Wavelength 
channels is on the order of 5 nanoseconds. The output from 
the true time delay device can be further stretched, com 
pressed, or inverted, if necessary, using a Wavelength dis 
persive device as described above or a second true time 
delay device. 

[0037] Note that the embodiment shoWn in FIG. 5 can be 
easily modi?ed to use Electrooptic Mach-Zehnder (MZ) 
interferometer or electroabsorption modulators in place of 
attenuators. In this con?guration, the Waveform can be 
changed With sub-nanosecond speed. 

[0038] As can be seen, the output from either embodiment 
described above is the sampled version of the desired output 
Waveform. This Waveform is observed With an electro-optic 
conversion device 26, preferably comprising either a com 
bination of a high-speed photodetector and an RF loW-pass 
?lter, or a loW-speed photodetector. The bandWidth fc of 
detector stage 26 is determined by the time separation A's 
betWeen the adjacent sampling Wavelength channels and is 
given by fc=1/(2A"c). The resultant Waveform is the desired 
output electrical Waveform. Detector stage 26 should have 
uniform response up to the cut-off frequency, and the 
response cut-off edge should be as sharp as possible. 

[0039] Those skilled in the art Will appreciate from the 
foregoing that spectral shaping device 20 is an optical ?lter, 
and that other optical ?lters could be used as Well, such as 
a long period ?ber grating, a dielectric multilayer thin ?lm 
?lter, an acousto-optic tunable ?lter, or the like. 

[0040] It Will be appreciated that the optical supercon 
tinuum source 14 generates pulses over a portion of the 
optical spectrum With very small variations in intensity. The 
Width of such a ?at portion of the spectrum Will depend on 
the number of Wavelength channels and the separation 
betWeen them, Which in turn depends on the Width of the 
output Waveform in the time-domain and the bandWidth of 
the detector stage. The overall intensity of the optical source 
Will be stable as a function of time. Note also that the 
available bandWidth of the PAWG Will depend on the 
bandWidth of the detection circuit; the bandWidth is not 
limited by dispersion penalty. 
[0041] With currently available technology, a TTD device 
With as many as 128 channels can be fabricated, or multiple 
TTD devices can be used. TTDs are compact since the delay 
betWeen the Wavelength channels is adjusted in the TTD 
device. On the other hand, in the embodiment shoWn in FIG. 
4 that employs a spatial light modulator, the number of 
channels available can be larger than 128. Note, hoWever, 
that delay betWeen the Wavelength channels is introduced 
using long lengths of normal single mode ?ber. Hence, the 
embodiment employing an SLM system is typically not as 
compact as a system using a TTD device. Further, SLM 
systems Will require a free-space alignment, While a TTD 
system can be an all ?ber-optic system. Other methods for 
delaying Wavelengths With respect to one another include 
specialty ?bers With high dispersion and any type of ?lter or 
plurality of ?lters operated near the resonance. In addition 
other forms of optical true time delay devices, for example 
those using ?ber Bragg grating can also be used. 
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EXAMPLE 1 

Experimental Setup and Results for Digital 
Synthesis 

[0042] Referring noW to FIG. 6, an experimental setup 
100 is shoWn. Optical pulses 102, centered at 1558 nm and 
generated from a Pritel, Inc. passively mode-locked erbium 
doped ?ber laser (EDFL) 104 using a 20 MHZ repetition 
rate, Were passed through a dispersion decreasing ?ber to 
broaden the spectrum While keeping the time domain pulse 
Width Within a feW picoseconds. The Width of the optical 
spectrum depended on the peak poWer of the laser and the 
length of the dispersion-decreasing ?ber. A 6 nm broadband 
optical pulse Was obtained and passed through a TTD device 
106. The TTD device ?ltered the optical spectrum into six 
Wavelength channels and delayed each channel by a ?xed 
amount With respect to the previous channel With a shorter 
Wavelength. The Width of each channel Was 0.3 nm and the 
channels Were separated by 0.8 nm. The sequential delay 
Was adjusted in the TTD device to a desired sampling rate. 
The increment chosen for At Was 85 ps, but other increments 
can be used as Well. The 85 ps increment corresponds to a 
Nyquist rate of 5.88 GHZ. The intensity of each Wavelength 
channel Was adjusted to obtain the desired output Waveform. 
The optical pulses Were ampli?ed With a Pritel, Inc. erbium 
doped ?ber ampli?ers (EDFA) 108a, 108b, and the time 
differentiated pulses Were then detected With a 7.7 GHZ 10 
dB bandWidth InGaAs photodetector 110 from Fermionics 
Opto-Technology and a Tektronics Sampling Scope 112 
(CSA 803 With SD32 Sampling Head). The photodetector 
Was under-biased compared to the optimal bias point to limit 
the frequency response of the photodetector to a loWer 
range. Thus, the photodetector acted as a loW-pass ?lter and 
could distinguish variations in optical intensity only beloW 
the Nyquist rate of the system. Individual sampling pulses 
Were also observed With a NeWport high-speed photodetec 
tor (D-15 IR detector) operating at 60 GHZ. Experimental 
results are shoWn in FIG. 7 and FIG. 8 Where the solid lines 
correspond to pulses observed With the 60 GHZ photode 
tector and the dotted lines correspond to pulses observed 
With the under-biased 7.7 GHZ photodetector. The dashed 
lines in FIG. 7 correspond to a 5 .88 GHZ sine Wave While 
the dashed lines in FIG. 8 correspond to a 5.88 GHZ sine 
Wave With a at phase shift in the middle. FIG. 9 shoWs the 
loW-pass characteristics of the under-biased 7.78 GHZ pho 
todetector (solid curve) compared With the optimal bias 
characteristics (dotted line). 
[0043] Note that the experimental setup could have alter 
natively used an SLM con?guration rather than a TTD 
con?guration for spectral shaping. Note also that the signal 
to noise ratio (SNR) is not limited to the noise in the 
photodetector (e.g., shot noise, thermal noise, dark current 
noise) When optical ampli?ers are used. Noise can also result 
from ampli?ed spontaneous emission (ASE) in the EDFAs 
and ASE beat noise in the photodetector. In this regard, it 
Was found that the best SNR could be obtained by using the 
highest gain in the ?rst EDFA stage in the experimental 
setup shoWn in FIG. 6. Noise in the system can also be 
introduced as laser shot noise, noise in supercontinuum 
generation and so forth. Conventional ?ltering and/or cali 
bration techniques can be employed as necessary. For 
example, the system could be calibrated for operational 
characteristics such as spectral nonuniformity of the super 
continuum, the loW pass ?ltering characteristics of the 
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detection circuit, Wavelength dependent responsivity of the 
photodetector, and linearity of the detector circuit. 

[0044] Based on the foregoing, it Will be appreciated that 
the maximum frequency of the PAWG is l/(NA'c) Where N-2 
for Nyquist. On the other hand, the minimum frequency is 
1/(number of channels X At). The foregoing experimental 
results demonstrate that the present invention can generate 
up to 5.88 GHZ Waveform segments With a repetition rate of 
20 MHZ and With or Without a at phase shift in the middle. 
Applications of the PAWG of the present invention include, 
but are not limited to, an ultrafast arbitrary Waveform 
generator, a general purpose digital to analog converter, and 
a very high speed frequency synthesiZer. The PAWG of the 
present invention can synthesiZe Waveforms at considerably 
higher frequencies than related devices, such as into the 
millimeter Wave and Tera HertZ range, if photodetectors 
With sufficient bandWidth are available. 

[0045] As can be seen, therefore, a photonic arbitrary 
Waveform generator according to the present invention 
comprises a broadband source, a spectral shaping device, a 
time domain manipulation device, and an opto-electronic 
conversion device. Although the description above contains 
many speci?cities, these should not be construed as limiting 
the scope of the invention but as merely providing illustra 
tions of some of the presently preferred embodiments of this 
invention. Therefore, it Will be appreciated that the scope of 
the present invention fully encompasses other embodiments 
Which may become obvious to those skilled in the art, and 
that the scope of the present invention is accordingly to be 
limited by nothing other than the appended claims, in Which 
reference to an element in the singular is not intended to 
mean “one and only one” unless explicitly so stated, but 
rather “one or more.” All structural, chemical, and functional 
equivalents to the elements of the above-described preferred 
embodiment that are knoWn to those of ordinary skill in the 
art are expressly incorporated herein by reference and are 
intended to be encompassed by the present claims. More 
over, it is not necessary for a device or method to address 
each and every problem sought to be solved by the present 
invention for it to be encompassed by the present claims. 
Furthermore, no element, component, or method step in the 
present disclosure is Alto intended to be dedicated to the 
public regardless of Whether the element, component, or 
method step is explicitly recited in the claims. No claim 
element herein is to be construed under the provisions of 35 
U.S.C. 112, sixth paragraph, unless the element is expressly 
recited using the phrase “means for.” 

What is claimed is: 
1. A photonic arbitrary Waveform generator, comprising: 

(a) a broadband optical source; and 

(b) means for converting an optical pulse from said 
broadband optical source into an electrical Waveform. 

2. A photonic arbitrary Waveform generator as recited in 
claim 1, Wherein said broadband optical source is selected 
from the group of laser sources consisting essentially of a 
mode locked laser, a gain sWitched semiconductor laser, an 
externally modulated laser, and tWo continuous-Wave lasers 
having heterodyned outputs. 

3. A photonic arbitrary Waveform generator as recited in 
claim 2, Wherein said broadband optical source includes a 
supercontinuum ?ber. 
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4. A photonic arbitrary Waveform generator as recited in 
claim 3, Wherein said supercontinuum ?ber is selected from 
the group of supercontinuum ?bers consisting essentially of 
a single mode ?ber, a series of dispersion shifted ?bers each 
With different values of Zero dispersion Wavelengths, a 
dispersion decreasing ?ber, and a tapered ?ber. 

5. A photonic arbitrary Waveform generator as recited in 
claim 1, Wherein said means comprises: 

(a) a spectral shaping device; 

(b) a time domain manipulation device; and 

(c) an opto-electronic conversion device. 
6. A photonic arbitrary Waveform generator as recited in 

claim 5, Wherein said spectral shaping device comprises a 
spatial light modulator device. 

7. A photonic arbitrary Waveform generator as recited in 
claim 6, Wherein said spatial light modulator device com 
prises: 

(a) at least one diffraction grating; 

(b) at least one focusing element; and 

(c) a spatial light modulator. 
8. A photonic arbitrary Waveform generator as recited in 

claim 7, Wherein said focusing element comprises a lens. 
9. A photonic arbitrary Waveform generator as recited in 

claim 5, Wherein said spectral shaping device comprises a 
true time delay device. 

10. Aphotonic arbitrary Waveform generator as recited in 
claim 9, Wherein said true time delay device comprises: 

(a) an arrayed Waveguide grating having N input ports and 
N corresponding output ports; 

(b) N-1 incremental time delay lines, Wherein N-1 input 
ports and N-1 corresponding output ports are connected 
through said incremental time delay lines; and 

(c) an optical attenuator or electro-optic modulator in 
series With each said time delay line; 

(d) Wherein one said input port and corresponding output 
port are undelayed free ports. 

11. Aphotonic arbitrary Waveform generator as recited in 
claim 5, Wherein said spectral shaping device comprises a 
long period ?ber grating. 

12. Aphotonic arbitrary Waveform generator as recited in 
claim 5, Wherein said spectral shaping device comprises a 
dielectric multilayer thin ?lm ?lter. 

13. Aphotonic arbitrary Waveform generator as recited in 
claim 5, Wherein said spectral shaping device comprises an 
acousto-optic tunable ?lter. 

14. Aphotonic arbitrary Waveform generator as recited in 
claim 5, Wherein said time domain manipulation device 
comprises a true time delay device. 

15. Aphotonic arbitrary Waveform generator as recited in 
claim 14, Wherein said true time delay device comprises: 

(a) an arrayed Waveguide grating having N input ports and 
N corresponding output ports; 

(b) N-1 incremental time delay lines, Wherein N-1 input 
ports and N-1 corresponding output ports are connected 
through said incremental time delay lines; and 

(c) an optical aftenuator or electro-optic modulator in 
series With each said time delay line; 
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(d) wherein one said input port and corresponding output 
port are undelayed free ports. 

16. Aphotonic arbitrary Waveform generator as recited in 
claim 5, Wherein said time domain manipulation device 
comprises a Wavelength dispersive device. 

17. Aphotonic arbitrary Waveform generator as recited in 
claim 16, Wherein said Wavelength dispersive device com 
prises an optical ?ber. 

18. Aphotonic arbitrary Waveform generator as recited in 
claim 17, Wherein said optical ?ber comprises a positive 
dispersion ?ber. 

19. Aphotonic arbitrary Waveform generator as recited in 
claim 17, Wherein said optical ?ber comprises a negative 
dispersion ?ber. 

20. Aphotonic arbitrary Waveform generator as recited in 
claim 17, Wherein said optical ?ber comprises a high dis 
persion optical ?ber. 

21. Aphotonic arbitrary Waveform generator as recited in 
claim 16, Wherein said Wavelength dispersive device com 
prises an optical Waveguide operated near the cutoff Wave 
length. 

22. Aphotonic arbitrary Waveform generator as recited in 
claim 16, Wherein said Wavelength dispersive device com 
prises a photonic bandgap device 

23. Aphotonic arbitrary Waveform generator as recited in 
claim 16, Wherein said Wavelength dispersive device com 
prises an optical ?lter/resonator operated near the cutoff 
Wavelength. 

24. Aphotonic arbitrary Waveform generator as recited in 
claim 5, Wherein said opto-electronic conversion device 
comprises a radio frequency detector. 

25. Aphotonic arbitrary Waveform generator as recited in 
claim 5, Wherein said opto-electronic conversion device 
comprises: 

(a) a high speed photodetector; and 

(b) a radio frequency loW pass ?lter. 
26. Aphotonic arbitrary Waveform generator as recited in 

claim 5, Wherein said opto-electronic conversion device 
comprises a loW-speed photodetector. 

27. Aphotonic arbitrary Waveform generator, comprising: 

(a) a broadband optical source; 

(b) a spectral shaping device; and 

(c) an opto-electronic conversion device. 
28. Aphotonic arbitrary Waveform generator as recited in 

claim 27, Wherein is said broadband optical source is 
selected from the group of laser sources consisting essen 
tially of a mode locked laser, a gain sWitched semiconductor 
laser, an externally modulated laser, and tWo continuous 
Wave lasers having heterodyned outputs. 

29. Aphotonic arbitrary Waveform generator as recited in 
claim 28, Wherein said broadband optical source includes a 
supercontinuum ?ber. 

30. Aphotonic arbitrary Waveform generator as recited in 
claim 29, Wherein said supercontinuum ?ber is selected 
from the group of supercontinuum ?bers consisting essen 
tially of a single mode ?ber, a series of dispersion shifted 
?bers each With different values of Zero dispersion Wave 
lengths, a dispersion decreasing ?ber, and a tapered ?ber. 

31. Aphotonic arbitrary Waveform generator as recited in 
claim 27, Wherein said spectral shaping device comprises a 
spatial light modulator device. 

Jun. 6, 2002 

32. Aphotonic arbitrary Waveform generator as recited in 
claim 31, Wherein said spatial light modulator device com 
prises: 

(a) at least one diffraction grating; 

(b) at least one focusing element; and 

(c) a spatial light modulator. 
33. Aphotonic arbitrary Waveform generator as recited in 

claim 32, Wherein said focusing element comprises a lens. 
34. Aphotonic arbitrary Waveform generator as recited in 

claim 27, Wherein said spectral shaping device comprises a 
true time delay device. 

35. Aphotonic arbitrary Waveform generator as recited in 
claim 34, Wherein said true time delay device comprises: 

(a) an arrayed Waveguide grating having N input ports and 
N corresponding output ports; 

(b) N-1 incremental time delay lines, Wherein N-1 input 
ports and N-1 corresponding output ports are connected 
through said incremental time delay lines; and 

(c) an optical aftenuator or electro-optic modulator in 
series With each said time delay line; 

(d) Wherein one said input port and corresponding output 
port are undelayed free ports. 

36. Aphotonic arbitrary Waveform generator as recited in 
claim 27, Wherein said spectral shaping device comprises a 
long period ?ber grating. 

37. Aphotonic arbitrary Waveform generator as recited in 
claim 27, Wherein said spectral shaping device comprises a 
dielectric multilayer thin ?lm ?lter. 

38. Aphotonic arbitrary Waveform generator as recited in 
claim 27, Wherein said spectral shaping device comprises an 
acousto-optic tunable ?lter. 

39. Aphotonic arbitrary Waveform generator as recited in 
claim 27, Wherein said opto-electronic conversion device 
comprises a radio frequency detector. 

40. Aphotonic arbitrary Waveform generator as recited in 
claim 27, Wherein said opto-electronic conversion device 
comprises: 

(a) a high speed photodetector; and 

(b) a radio frequency loW pass ?lter. 
41. Aphotonic arbitrary Waveform generator as recited in 

claim 27, Wherein said opto-electronic conversion device 
comprises a loW-speed photodetector. 

42. Aphotonic arbitrary Waveform generator as recited in 
claim 27, further comprising a time domain manipulation 
device. 

43. Aphotonic arbitrary Waveform generator as recited in 
claim 42, Wherein said time domain manipulation device 
comprises a true time delay device. 

44. Aphotonic arbitrary Waveform generator as recited in 
claim 43, Wherein said true time delay device comprises: 

(a) an arrayed Waveguide grating having N input ports and 
N corresponding output ports; 

(b) N-1 incremental time delay lines, Wherein N-1 input 
ports and N-1 corresponding output ports are connected 
through said incremental time delay lines; and 

(c) an optical attenuator or electro-optic modulator in 
series With each said time delay line; 
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(d) wherein one said input port and corresponding output 
port are undelayed free ports. 

45. Aphotonic arbitrary Waveform generator as recited in 
claim 42, Wherein said time domain manipulation device 
comprises a Wavelength dispersive device. 

46. Aphotonic arbitrary Waveform generator as recited in 
claim 45, Wherein said Wavelength dispersive device com 
prises an optical ?ber. 

47. Aphotonic arbitrary Waveform generator as recited in 
claim 46, Wherein said optical ?ber comprises a positive 
dispersion ?ber. 

48. Aphotonic arbitrary Waveform generator as recited in 
claim 46, Wherein said optical ?ber comprises a negative 
dispersion ?ber. 

49. Aphotonic arbitrary Waveform generator as recited in 
claim 46, Wherein said optical ?ber comprises a high dis 
persion optical ?ber. 

50. Aphotonic arbitrary Waveform generator as recited in 
claim 45, Wherein said Wavelength dispersive device com 
prises an optical Waveguide operated near the cutoff Wave 
length. 

51. Aphotonic arbitrary Waveform generator as recited in 
claim 45, Wherein said Wavelength dispersive device com 
prises a photonic bandgap device 

52. Aphotonic arbitrary Waveform generator as recited in 
claim 45, Wherein said Wavelength dispersive device com 
prises an optical ?lter/resonator operated near the cutoff 
Wavelength. 

53. Aphotonic arbitrary Waveform generator, comprising: 

(a) a broadband optical source; 

(b) a spectral shaping device coupled to said optical 
source and con?gured for converting a pulse from said 
optical source to a shaped and Wavelength divided 
output optical Waveform; and 

(c) an opto-electronic conversion device coupled to said 
time domain manipulation device and con?gured for 
converting said optical Waveform to a corresponding 
electrical Waveform. 

54. Aphotonic arbitrary Waveform generator as recited in 
claim 53, Wherein said broadband optical source is selected 
from the group of laser sources consisting essentially of a 
mode locked laser, a gain sWitched semiconductor laser, an 
externally modulated laser, and tWo continuous-Wave lasers 
having heterodyned outputs. 

55. Aphotonic arbitrary Waveform generator as recited in 
claim 54, Wherein said broadband optical source includes a 
supercontinuum ?ber. 

56. Aphotonic arbitrary Waveform generator as recited in 
claim 55, Wherein said supercontinuum ?ber is selected 
from the group of supercontinuum ?bers consisting essen 
tially of a single mode ?ber, a series of dispersion shifted 
?bers each With different values of Zero dispersion Wave 
lengths, a dispersion decreasing ?ber, and a tapered ?ber. 

57. Aphotonic arbitrary Waveform generator as recited in 
claim 53, Wherein said spectral shaping device comprises a 
spatial light modulator device. 

58. Aphotonic arbitrary Waveform generator as recited in 
claim 57, Wherein said spatial light modulator device com 
prises: 

(a) at least one diffraction grating; 

(b) at least one focusing element; and 

(c) a spatial light modulator. 
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59. Aphotonic arbitrary Waveform generator as recited in 
claim 58, Wherein said focusing element comprises a lens. 

60. Aphotonic arbitrary Waveform generator as recited in 
claim 53, Wherein said spectral shaping device comprises a 
true time delay device. 

61. Aphotonic arbitrary Waveform generator as recited in 
claim 60, Wherein said true time delay device comprises: 

(a) an arrayed Waveguide grating having N input ports and 
N corresponding output ports; 

(b) N-1 incremental time delay lines, Wherein N-1 input 
ports and N-1 corresponding output ports are connected 
through said incremental time delay lines; and 

(c) an optical attenuator or electro-optic modulator in 
series With each said time delay line; 

(d) Wherein one said input port and corresponding output 
port are undelayed free ports. 

62. Aphotonic arbitrary Waveform generator as recited in 
claim 53, Wherein said spectral shaping device comprises a 
long period ?ber grating. 

63. Aphotonic arbitrary Waveform generator as recited in 
claim 53, Wherein said spectral shaping device comprises a 
dielectric multilayer thin ?lm ?lter. 

64. Aphotonic arbitrary Waveform generator as recited in 
claim 53, Wherein said spectral shaping device comprises an 
acousto-optic tunable ?lter. 

65. Aphotonic arbitrary Waveform generator as recited in 
claim 53, Wherein said opto-electronic conversion device 
comprises a radio frequency detector. 

66. Aphotonic arbitrary Waveform generator as recited in 
claim 53, Wherein said opto-electronic conversion device 
comprises: 

(a) a high speed photodetector; and 

(b) a radio frequency loW pass ?lter. 
67. Aphotonic arbitrary Waveform generator as recited in 

claim 53, Wherein said opto-electronic conversion device 
comprises a loW-speed photodetector. 

68. Aphotonic arbitrary Waveform generator as recited in 
claim 53, further comprising a time domain manipulation 
device coupled to said spectral shaping device and con?g 
ured for stretching, compressing, or inverting said optical 
Waveform in the time domain. 

69. Aphotonic arbitrary Waveform generator as recited in 
claim 68, Wherein said time domain manipulation device 
comprises a true time delay device. 

70. Aphotonic arbitrary Waveform generator as recited in 
claim 69, Wherein said true time delay device comprises: 

(a) an arrayed Waveguide grating having N input ports and 
N corresponding output ports; 

(b) N-1 incremental time delay lines, Wherein N-1 input 
ports and N-1 corresponding output ports are connected 
through said incremental time delay lines; and 

(c) an optical attenuator or electro-optic modulator in 
series With each said time delay line; 

(d) Wherein one said input port and corresponding output 
port are undelayed free ports. 

71. Aphotonic arbitrary Waveform generator as recited in 
claim 68, Wherein said time domain manipulation device 
comprises a Wavelength dispersive device. 



US 2002/0067747 A1 

72. Aphotonic arbitrary Waveforrn generator as recited in 
claim 71, wherein said Wavelength dispersive device corn 
prises an optical ?ber. 

73. Aphotonic arbitrary Waveforrn generator as recited in 
claim 72, Wherein said optical ?ber comprises a positive 
dispersion ?ber. 

74. Aphotonic arbitrary Waveforrn generator as recited in 
claim 72, Wherein said optical ?ber comprises a negative 
dispersion ?ber. 

75. Aphotonic arbitrary Waveforrn generator as recited in 
claim 73, Wherein said optical ?ber comprises a high dis 
persion optical ?ber. 

76. Aphotonic arbitrary Waveforrn generator as recited in 
claim 71, Wherein said Wavelength dispersive device corn 
prises an optical Waveguide operated near the cutoff Wave 
length. 

77. Aphotonic arbitrary Waveforrn generator as recited in 
claim 71, Wherein said Wavelength dispersive device corn 
prises a photonic bandgap device 

78. Aphotonic arbitrary Waveforrn generator as recited in 
claim 71, Wherein said Wavelength dispersive device corn 
prises an optical ?lter/resonator operated near the cutoff 
Wavelength. 

79. Arnethod for photonic arbitrary Waveforrn generation, 
comprising: 

(a) generating an optical pulse from a broadband optical 
source; 

(b) dividing said optical pulse into a plurality of Wave 
length channels; 

(c) spectrally shaping said Wavelength channels according 
to a desired Waveforrn envelope and generating a 
shaped optical waveform; and 

(d) generating a corresponding electrical Waveforrn from 
said shaped optical Waveforrn. 

80. A method as recited in claim 79, Wherein said broad 
band optical source is selected from the group of laser 
sources consisting essentially of a mode locked laser, a gain 
sWitched semiconductor laser, an externally modulated laser, 
and tWo continuous-Wave lasers having heterodyned out 
puts. 

81. A method as recited in claim 80, Wherein said broad 
band optical source includes a supercontinuurn ?ber. 

82. A method as recited in claim 81, Wherein said super 
continuurn ?ber is selected from the group of supercon 
tinuurn ?bers consisting essentially of a single mode ?ber, a 
series of dispersion shifted ?bers each With different values 
of Zero dispersion Wavelengths, a dispersion decreasing 
?ber, and a tapered ?ber. 

83. A method as recited in claim 79, Wherein said optical 
pulse is divided into a plurality of Wavelength channels, said 
Wavelength channels are spectrally shaped according to a 
desired Waveforrn envelope, and said shaped optical wave 
form is generated using a spatial light rnodulator device. 

84. A method as recited in claim 83, Wherein said spatial 
light rnodulator device comprises: 

(a) at least one diffraction grating; 

(b) at least one focusing element; and 

(c) a spatial light rnodulator. 
85. Arnethod as recited in claim 84, Wherein said focusing 

elernent comprises a lens. 
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86. A method as recited in claim 79, Wherein said optical 
pulse is divided into a plurality of Wavelength channels, said 
Wavelength channels are spectrally shaped according to a 
desired Waveforrn envelope, and said shaped optical wave 
form is generated using a true time delay device. 

87. A method as recited in claim 86, Wherein said true 
time delay device comprises: 

(a) an arrayed Waveguide grating having N input ports and 
N corresponding output ports; 

(b) N-1 incrernental time delay lines, Wherein N-1 input 
ports and N-1 corresponding output ports are connected 
through said incrernental time delay lines; and 

(c) an optical attenuator or electro-optic rnodulator in 
series With each said time delay line; 

(d) Wherein one said input port and corresponding output 
port are undelayed free ports. 

88. A method as recited in claim 79, Wherein said optical 
pulse is divided into a plurality of Wavelength channels, said 
Wavelength channels are spectrally shaped according to a 
desired Waveforrn envelope, and said shaped optical wave 
form is generated using a long period ?ber grating. 

89. A method as recited in claim 79, Wherein said optical 
pulse is divided into a plurality of Wavelength channels, said 
Wavelength channels are spectrally shaped according to a 
desired Waveforrn envelope, and said shaped optical wave 
form is generated using a dielectric rnultilayer thin ?lrn ?lter. 

90. A method as recited in claim 79, Wherein said optical 
pulse is divided into a plurality of Wavelength channels, said 
Wavelength channels are spectrally shaped according to a 
desired Waveforrn envelope, and said shaped optical wave 
form is generated using an acousto-optic tunable ?lter. 

91. A method as recited in claim 79, Wherein said elec 
trical waveform is generated from said shaped optical wave 
form using an opto-electronic conversion device. 

92. A method as recited in claim 91, Wherein said opto 
electronic conversion device cornprises a radio frequency 
detector. 

93. A method as recited in claim 91, Wherein said opto 
electronic conversion device comprises: 

(a) a high speed photodetector; and 

(b) a radio frequency loW pass ?lter. 
94. A method as recited in claim 91, Wherein said opto 

electronic conversion device cornprises a loW-speed photo 
detector. 

95. A rnethod as recited in claim 79, further comprising 
rnanipulating said shaped optical waveform in the time 
domain. 

96. A method as recited in claim 95, Wherein said shaped 
optical waveform is manipulated in the time domain using a 
true time delay device. 

97. A method as recited in claim 96, Wherein said true 
time delay device comprises: 

(a) an arrayed Waveguide grating having N input ports and 
N corresponding output ports; 

(b) N-1 incrernental time delay lines, Wherein N-1 input 
ports and N-1 corresponding output ports are connected 
through said incrernental time delay lines; and 

(c) an optical attenuator or electro-optic rnodulator in 
series With each said time delay line; 
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(d) wherein one said input port and corresponding output 
port are undelayed free ports. 

98. A method as recited in claim 95, Wherein said shaped 
optical Waveform is manipulated in the time domain using a 
Wavelength dispersive device. 

99. A method as recited in claim 98, Wherein said Wave 
length dispersive device comprises an optical ?ber. 

100. A method as recited in claim 99, Wherein said optical 
?ber comprises a positive dispersion ?ber. 

101. A method as recited in claim 99, Wherein said optical 
?ber comprises a negative dispersion ?ber. 
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102. A method as recited in claim 99, Wherein said optical 
?ber comprises a high dispersion optical ?ber. 

103. A method as recited in claim 98, Wherein said 
Wavelength dispersive device comprises an optical 
Waveguide operated near the cutoff Wavelength. 

104. A method as recited in claim 98, Wherein said 
Wavelength dispersive device comprises a photonic bandgap 
device 

105. A method as recited in claim 98, Wherein said 
Wavelength dispersive device comprises an optical ?lter/ 
resonator operated near the cutoff Wavelength. 

* * * * * 


